[1] Airborne measurements of the spectrally resolved actinic flux (280 -420 nm) between the ground and 12 km altitude have been made using a new calibrated dual-channel spectroradiometer. The measurements were made as part of the Photochemical Activity and Ultraviolet Radiation/Altitude Dependence of the Tropospheric Ozone Photolysis (PAUR/ATOP) measurement campaign in Greece during June 1996. Flights were made over the Agean Sea under cloudless conditions for various aerosol loads and solar zenith angles. The spectral actinic flux measurements are compared with radiative transfer model simulations based on the multistream discrete ordinate radiative transfer (DISORT) algorithm. All input to the radiative transfer model was provided by independent measurements performed simultaneously on the nearby island of Agios Efstratios. For altitudes between 3000 -12,000 m the agreement between the measurements and the model simulations is within Ϯ5% for wavelengths larger than 310 nm and within Ϯ10% at 295-310 nm. For the lowest flight altitude, 108 m, the model underestimates the measured actinic flux systematically by about 12%. This may be partly explained by uncertainties in the aerosol optical properties and the surface albedo. Flights on days with small and large amounts of aerosols showed that under otherwise identical conditions the actinic flux increased by up to 10% when the aerosol amount was larger. 
Introduction
[2] Photodissociation of molecules by solar ultraviolet (UV) radiation drives most atmospheric chemistry. In the troposphere, photolysis processes occur only at wavelengths greater than 290 nm because radiation at shorter wavelengths is entirely absorbed in the upper atmosphere by ozone and molecular oxygen. At longer wavelengths, dissociation is limited by the energy of the photons required to break molecular bonds. As a result, most tropospheric photolysis reactions are confined to the ultraviolet spectral region between 290 nm and 420 nm. Examples for important photodissociation processes in the troposphere are the photolysis of ozone ( Ͻ 340 nm), formaldehyde ( Ͻ 360 nm), hydrogen peroxide ( Ͻ 400 nm), or nitrogen dioxide ( Ͻ 420 nm). These and other photolytic reactions have a large influence on the abundance of hydroxyl radicals (OH) controlling the self-cleaning of the atmosphere, and on the photochemical production of tropospheric ozone [e.g., Levy, 1974; Fishman and Crutzen, 1978; Logan et al., 1981; Ehhalt, 1999] . It is therefore mandatory that atmospheric photochemistry models use accurate photolysis rate coefficients as input parameters, in order to describe reliably the chemical composition of the atmosphere and its possible change due to anthropogenic perturbations [e.g., Liu and Trainer, 1988; Madronich and Granier, 1992; Fuglestvedt et al., 1994; Dickerson et al., 1997; Olson et al., 1997; Jonson et al., 2000] .
[3] Atmospheric chemistry models usually rely on photolysis rate coefficients (photolysis frequencies, J values) that are derived from theoretically calculated spectra of the solar actinic flux:
Here J is the photolysis frequency (s Ϫ1 ) of a molecule that has a wavelength-and temperature-dependent absorption cross section (cm 2 ) and quantum yield ⌽. 
It represents the radiation that a molecule receives from all directions in the atmosphere and includes the contribution of the direct solar beam and diffuse radiation scattered by atmospheric molecules, aerosols, clouds, and the Earth's surface.
[4] Different radiative transfer models have been developed for the simulation of the actinic flux in the atmosphere. Some are based on fast two-stream methods [e.g., Isaksen et al., 1977; Luther, 1980; Madronich, 1987] that approximate the angular distribution of the radiance. Other models use more sophisticated multistream methods, like the discrete ordinate radiative transfer (DISORT) method [Stamnes et al., 1988] that allows to calculate the actinic flux directly. Although such models are widely used in atmospheric chemistry, only few tests have been made directly against actinic flux measurements in the troposphere, where scattering of radiation plays an important role.
[5] Radiative transfer models for the UV and visible part of the spectrum have mostly been tested against ground-based radiometric measurements of broadband or spectrally resolved irradiance [e.g., Wang and Lenoble, 1994; Zeng et al., 1994; Forster et al., 1995; Mayer et al., 1997; Kylling et al., 1998; van Weele et al., 2000] . However, irradiance is only related, but not the same as actinic flux. It represents the cosine-weighted integrated radiance and is nearly insensitive to radiation orginating close to the horizon. To the contrary, the actinic flux has equal sensitivity to radiation from all directions.
[6] Models have been tested against ground-based data of photolysis frequencies of ozone (O 3 ) and nitrogen-dioxide (NO 2 ), measured by chemical actinometers [Bahe et al., 1979; Dickerson et al., 1979; Madronich et al., 1983; Shetter et al., 1992 Shetter et al., , 1996 Lantz et al., 1996] and radiometers [Balis et al., 2002] . These studies were sensitive to the broadband integrated actinic flux as well as to the molecular data ( and ⌽) chosen in the model calculation of the J values.
[7] In summer 1998 the International Photolysis Frequency Measurement and Model Intercomparison (IPMMI) in Boulder, Colorado, offered the opportunity to test for the first time different radiative transfer models against spectrally resolved actinic-flux measurements at ground. Calculated actinic flux spectra by seventeen different models were compared with spectrally resolved measurements for clear-sky conditions. In general, the majority of the models agreed well with each other for solar zenith angles less than about 60Њ and with measurements of two of three spectroradiometers [Bais and Madronich, 2000] .
[8] While radiation models are usually tested against surface measurements, they are often applied to calculate the radiation field throughout the atmosphere. As such, a model versus measurement comparison for various altitudes in the troposphere under well defined atmospheric conditions provides a crucial and essential test of a radiative transfer model. In the troposphere, airborne data have been measured to date for the broadband actinic flux (330 -390 nm) [Vila-Guerau de Arellano et al., 1994] on a tethered balloon, and photolysis frequencies of O 3 or NO 2 have been measured on aircraft by chemical actinometers [Dickerson et al., 1982; Kelley et al., 1995] , broadband filter radiometers [Junkermann, 1994; VolzThomas et al., 1996; Pfister et al., 2000; Früh et al., 2000] , and spectroradiometers Crawford et al., 1999] . Some of these studies have determined vertical profiles of photolysis frequencies or actinic flux for well defined conditions allowing an absolute comparison with radiative transfer models.
[9] Vila-Guerau de Arellano et al. [1994] measured the total actinic flux with a broadband photoelectric detector (330 -390 nm) in the marine boundary layer up to 1000 m height and found good agreement between measurements and a multi layer delta-Eddington model for total overcast conditions. Kelley et al. [1995] measured J(NO 2 ) at altitudes from 0.2 to 7.6 km for clear sky and 58Њ solar zenith angle. They used measured aerosol data as model input and found very good agreement (within 6%) with multistream model calculations. Similar results were obtained by Volz- Thomas et al. [1996] , who measured a vertical profile of J(NO 2 ) with calibrated filter radiometers up to 7.5 km altitude under clear-sky conditions for a solar zenith angle of 35Њ. They applied standard atmospheric parameters in their models and found good agreement (within 6%) with a multidirectional and a discrete ordinate model. Shetter and Müller [1999] determined photolysis frequencies of 11 molecules from measured actinic flux spectra over the Pacific Ocean between sea level and 11.9 km altitude. Their J values were obtained under mostly cloudy conditions and were used by Crawford et al. [1999] to assess the cloud effect on the photolysis frequencies of O 3 and NO 2 . Crawford et al. [1999] compared the observations with results from a four-stream discrete ordinate radiative transfer (DISORT) model which was initialized with parameters from the 1976 U.S. Standard Atmosphere for clear-sky conditions. The ratios of the measured to modeled J(NO 2 ) values were found to lie in the range between 0.9 -1.0 for most of the time during the flights with the clearest skies. However, experimental J(NO 2 ) data measured by filter radiometers on the same flights were systematically higher than the model and spectroradiometer measurements by 20 -30%. This discrepancy could not be resolved from the available data. Früh et al. [2000] measured vertical profiles of J(NO 2 ) by filter radiometers in a clear and cloudy sky at altitudes below 2.5 km. They used detailed in situ measurements of the microphysical aerosol and cloud properties as model input and found mostly good agreement (10%) with the results of a deltafour-stream and a 16-stream discrete ordinate model.
[10] The present work is new in several respects. We present the first measurements of the spectrally resolved actinic flux (4 sr) over the range of 280 -420 nm and over the vertical extent of the troposphere (0.1-12 km). The measurements provide altitude profiles of the spectral actinic flux for well defined conditions in a cloud-free atmosphere over a homogenous sea surface. The measurements are compared to a multistream radiative transfer model based on the DISORT code. All input parameters needed are fixed by independent measurements. Accordingly, a rigorous test of a state-of-theart radiative transfer model is achieved throughout the troposphere for the ultraviolet part of the spectrum that is most relevant for tropospheric chemistry models.
[11] The airborne measurements were performed with a scanning actinic-flux spectroradiometer that we have used otherwise for ground-based measurements of the downwelling actinic flux [Müller et al., 1995; Kraus and Hofzumahaus, 1998; Hofzumahaus et al., 1999; Kraus et al., 2000] . In this work the instrument was modified to enable measurements of the 4 sr actinic flux by using two separate inlet optics for the upwelling and downwelling radiation. A similar concept has been devel-oped by Shetter and Müller [1999] , who used two independent 2 sr spectroradiometers to measure the total 4 sr actinic flux.
[12] The measurements in this work were made in a joint field campaign in Greece in June 1996 within the frame of two European Union (EU) projects, Altitude Dependence of the Tropospheric Ozone Photolysis (ATOP) frequency between 0 -12 km and Photochemical Activity and Ultraviolet Radiation (PAUR). Besides the airborne actinic flux measurements, ground-based measurements of spectral and broadband UV irradiances, aerosol optical depth and profile measurements, and total ozone column and ozone profile soundings have been taken at several places in the region of the Aegean Sea. The ground-based irradiance measurements and complementary modeling results were presented by Kylling et al. [1998] . Here the ground-based data are used to constrain the model input data for the simulation of the vertical radiation profiles, such that all model input parameters are from or based on analysis of independent measurements.
[13] The paper will first describe the modifications of the spectroradiometer system and its calibration. Next the various flights are described, and examples of measured spectra and their vertical distributions are provided. The radiative model and its input data are briefly presented, and a discussion follows of the comparison between the model simulations and the measurements. By comparing airborne measurements from 2 days with different aerosol loads, the influence of enhanced aerosol on the vertical actinic flux profiles is demonstrated.
Experiment

Spectroradiometer
[14] The spectroradiometer installed on board the Deutsche Luft-und Raumfahrt (DLR) Falcon-20E research aircraft was equipped with two measurement channels recording separately the upwelling and downwelling actinic flux. Each channel measured radiation from 280 to 420 nm with a spectral resolution (full width at half maximum) (FWHM) and step width of 1.0 nm. The spectroradiometer was a modified version of the ground-based instrument described in detail by Hofzumahaus et al. [1999] . Here we discuss only the modifications made to the airborne instrument.
[15] The main difference is the number of measurement channels. While the ground-based version used a single 2 sr inlet optic for the detection of radiation from one hemisphere, the aircraft instrument uses a combination of two receivers (2 sr) covering a total field of view of 4 sr ( Figure 1 ). The upward pointing (zenith viewing) optic receives downwelling radiation from the Sun and the sky, while the downward pointing (nadir viewing) optic collects upwelling radiation that is backscattered by the underlying atmosphere and the ground.
Inlet Optics
[16] The inlet optics are quartz diffusers custom made by Meteorologie Consult GmbH (Glashütten, Germany) and are similarly constructed as the diffuser used for ground-based measurements [Hofzumahaus et al., 1999] . Each optic is mounted in a pressure tight flange which carries an artificial horizon (80 mm diameter) limiting the field of view to one hemisphere. The zenith viewing optic was installed on top of the aircraft fuselage and the nadir viewing optic at the bottom. Both sensors were oriented with a slight tilt with respect to the fuselage in order to compensate the nick angle (typ. 5Њ) of the aircraft during the measurements at a constant altitude level. The angular sensitivity with respect to incident radiation was measured with a point light source for both sensors in the laboratory [cf. Hofzumahaus et al., 1999] and adjusted to provide the best possible isotropy for the measurement of the 4 sr actinic flux. The resulting angular sensitivity is shown as a polar plot in Figure 2 for the zenith-and nadir-viewing diffusers (dotted and dashed lines, respectively) and for the combined optics (solid black line). The individual 2 sr receivers show a significant drop in sensitivity at polar angles above 70Њ and reach zero sensitivity at ϳ 110Њ. The combined 4 sr system shows good isotropy except near the horizon where the relative sensitivity is too high. In principle, the angular response can be improved by using an artificial horizon with a larger diameter [see Volz-Thomas et al., 1996; Shetter and Mül-ler, 1999] . In the present work this would have required an additional shadow ring mounted on top of the aircraft; however, such construction was not permitted for flight safety reasons. Figure 1 . Schematic setup of the airborne dual channel actinic-flux spectroradiometer (DAQ, data acquisition system; PMT, photomultiplier tube). The zenith-and nadir-viewing inlet optics were mounted on top and at the bottom of the Falcon aircraft, respectively. The double monochromator, the photon detection system, and the data acquisition were installed inside the aircraft.
Spectral Radiation Measurements
[17] The radiation collected by the input optics is transmitted via two quartz fibre bundles (Gigahertz Optik GmbH) to the entrance slit of the scanning double monochromator (BENTHAM DTM 300, 300 mm focal length, 2400 mm Ϫ1 gratings). In order to accomodate the incoming radiation from the zenith-and nadir-viewing diffusers separately, the entrance slit (20 mm height, 1.48 mm width) is divided vertically into three segments. The upper and lower segments (each 7 mm high) are open, while the middle part is masked (6 mm high). Each open segment is illuminated by one of the optical fibre bundles. Owing to the optical imaging properties of the monochromators, the entrance segments are imaged one-to-one onto the exit slit of the second monochromator. Here the radiation from the upper and lower exit slit is collected separately by two other quartz fibre bundles (Gigahertz Optik GmbH). These guide the photons to a pair of bialkaliphotomultiplier detectors (EMI 9250QB), each connected with an amplifier and analog-to-digital converter electronics [Hofzumahaus et al., 1999] . This setup constitutes two independent measurement channels that share the scanning doublemonochromator and are therefore perfectly synchronized in measurement time and wavelength position. Calculation of the total (4 sr) actinic flux is easily accomplished by adding the measured spectra of the upwelling and downwelling radiation.
[18] The signal of each photodetector is associated almost exclusively with radiation from one of the inlet optics, except for a small contribution of light from the opposite receiver. The latter contribution is caused by imaging errors (astigmatism) of the monochromators, leading to a weak overlap of the entrance slit images with the opposite exit slit segments, causing an internal cross-talk of 5 ϫ 10 Ϫ4 between the two measurement channels.
Calibration and Accuracy
[19] The spectral sensitivity of the spectroradiometer was calibrated at the beginning and at the end of the campaign using certified irradiance standards (FEL 1000 W and 200 W tungsten-halogen quartz lamps) traceable to national standards laboratories (PTB, NIST) [Hofzumahaus et al., 1999] . In addition, the calibration was checked at ground before and after each flight using portable secondary standards. The overall calibration error was about Ϯ6% (2), and the detection limit was ϳ10 9 photons cm Ϫ2 nm Ϫ1 s Ϫ1 .
[20] The wavelength reading of the spectrometer was initially calibrated with an uncertainty of Ϯ0.02 nm against the emission lines of a low-pressure mercury lamp at ground. In addition, the wavelengths of the measured spectra were checked versus the positions of the Fraunhofer lines in the extraterrestrial solar spectrum (ATLAS 3, M. E. VanHoosier, personal communication 1996) . Good agreement for the wavelength positions was found within Ϯ0.05 nm at ground and on the lowest flight levels up to an altitude of 6 km. Above that height the Fraunhofer-line analysis revealed an offset of the wavelength readings that increased with altitude from 0.4 nm at 9 km to 0.7 nm at 12 km. The wavelengths of the spectra shown in this work have been corrected for this effect.
[21] It is interesting to note that the observed wavelength shift was constant on each flight level at which typically 4 -5 spectra were recorded sequentially. Moreover, its altitude dependence was reproducible from flight to flight, i.e., from day to day. No reason has been discovered that can explain the observed behavior. In particular, it cannot be explained by an influence of temperature and pressure on the spectroradiometer, as both parameters were stable to within a few percent inside the aircraft during the flights.
[22] Besides the calibration of the spectroradiometer, the imperfect isotropy of the angular response of the input optics causes an error. The individual 2 sr receivers underestimate the hemispheric actinic flux at polar angles up to 90Њ, but receive a contribution from the opposite hemisphere near the horizon. For the 4 actinic flux these systematic errors compensate each other partially. In the model section below it is shown that the remaining error causes an overestimation of the total actinic flux by at most 4% at all altitudes (0 -12 km), if not corrected.
[23] In this context the error due to the internal cross-talk (5ϫ10 Ϫ4 ) of the measurement channels inside the monochromators is negligible. If the upwelling and downwelling actinic fluxes differ by no more than a factor of 20, the error in any channel never exceeds 1%. During the campaign this condition was always fulfilled.
Measurements
[24] Vertical profiles of the 4 sr actinic flux were measured on board the DLR Falcon-20E aircraft on 4 days (10, 11, 13, and 14 June 1996) over Greece during the ATOP mission. In addition, in situ measurements of atmospheric ozone were made by a UV photometer, and water vapor, temperature, pressure, and geographical position were recorded by the aircraft standard equipment.
[25] One flight was performed on each measurement day. The flights had a duration of 2-3 hours and reached altitudes up to 12,200 m. The geographical position of the four flight tracks (F1-F4) is shown in Figure 3 . The first three flights were carried out over the Aegean Sea close to the island Agios Efstratios (39.5ЊN, 24.5ЊE), and the fourth flight (F4) was carried out mostly over land surfaces near Athens (38.3ЊN, 23.8ЊE). At the same time, solar spectral irradiance measurements and soundings of atmospheric ozone and aerosol were performed in the frame of the PAUR project at three groundbased stations (Athens, Thessaloniki, and Agios Efstratios) [Marenco et al., 1997; Kylling et al., 1998 ]. [27] Actinic flux measurements were performed at 5-6 constant altitude levels (100 m to 12,200 m) per flight during the aircraft ascent. At each level, 4 -5 actinic flux spectra were measured successively for zenith and nadir view, each. The scan time per spectrum was 2.5 min. The spectra on each flight level had a good reproducibility (e.g., Ϯ2% at 305 nm) and were averaged for each measurement channel. After wavelength correction, the averaged spectra of the upwelling and downwelling radiation were added to give the total 4 sr actinic flux. Examples of actinic UV spectra at different altitudes are shown in Figure 4 . The data were recorded during the first flight (10 June 1996) and are plotted on a linear scale (left panel) for wavelengths between 290 and 420 nm. The sharply decreasing UV-B intensity below 310 nm is shown in a logarithmic plot in the right panel. For all UV wavelengths (290 -420 nm) an increase in magnitude of the actinic flux can be noted toward higher altitudes. Obviously, the largest relative increase is found in the lowest 3 km, where most of the aerosol was located. The spectral range with the strongest altitude dependence is the UV-B, where atmospheric ozone absorbs solar radiation. The strong altitude dependence results in a pronounced shift of the UV-B edge toward shorter wavelength in the actinic spectra at higher altitudes (Figure 4, right panel) .
More data and discussion are presented below when the measurements are compared with model simulations. The measured data used in this study are available upon request (aircraft data from AH, ground-based data from CSZ).
Radiative Transfer Model
[28] The UVSPEC radiative transfer model was used to simulate the measured spectra. UVSPEC is part of the libRadtran package available from http://www.libradtran.org. The UVSPEC model includes various methods for solving the radiative transfer equation. Here the discrete ordinate radiative transfer equation solver of Stamnes et al. [1988] is used in 16-streams mode. A relatively large number of streams is needed since the actinic flux is calculated from the radiances output by the solver and the angular response of the instrument accounted for. Often the ideal actinic flux is calculated with two-streams approximation in order to save computer time. Kylling et al. [1995] showed that two-streams approximations under certain conditions may give errors of 20% compared to 16-streams calculations. The four-streams approximation is, however, sufficient for most calculations of the ideal actinic flux, yielding less than 1-2% error as sensitivity studies have shown in this work. To simulate a measured upwelling or downwelling actinic flux spectrum, azimuthally averaged radiances were calculated at 1Њ polar angle steps from nadir to zenith at high, 0.05 nm, spectral resolution. The resulting spectral radiances were convolved with the instrument slit function and interpolated to the center wavelength of the measurements. Finally, the radiances were multiplied with the angular response of the uplooking and downlooking input optics and integrated over the appropriate polar angle intervals to yield the simulated spectrum. Changes in the solar zenith angle due to changes in aircraft location and time duration of a single scan were accounted for. Temperature-dependent ozone cross sections were taken from Bass and Paur [1985] , and the Rayleigh scattering cross section was calculated from the formula given by Nicolet [1984] . The extraterrestrial spectrum was taken from ATLAS 3 measurements (M. E. VanHoosier, personal communication, 1996) and shifted to air wavelengths. The Earth-Sun distance during the campaign was also accounted for. UVSPEC has been thoroughly compared against surface irradiance measurements [Mayer et al., 1997; Kylling et al., 1998; van Weele et al., 2000] .
[29] Input to the radiative transfer model are ozone profiles, aerosol optical depth, single scattering albedo and phase function profiles, and the surface albedo. Ozone profiles were taken from ozone sonde measurement made from the nearby airport of the city of Thessaloniki and are presented by Kylling et al. [1998, Figure 3] . The aerosol optical depth profiles were taken from simultaneous lidar measurements made on the nearby island of Agios Efstratios as described by Marenco et al. [1997] . The aerosol profiles were scaled to the total aerosol optical depth measured with a double Brewer spectroradiometer also located on Agios Efstratios and are presented by Kylling et al. [1998, Figure 4] . The aerosol single scattering albedo and phase function profiles and the surface albedo were taken as the values that provided the best agreement between model-and surface-based irradiance measurements by the Brewer spectroradiometer made simultaneously to the flight [Kylling et al., 1998 ]. The main input parameters for the model simulations presented here are summarized in Table 1 . All model input parameters are from or based on analysis of in- 
Comparison of Measurements and Simulations
Spectra
[30] Flights were performed on 4 days in June 1996 under varying atmospheric conditions as described above. As the model versus measurement results are similar for all days and flight levels, only results for the first flight on 10 June are presented in detail. The measured and simulated spectral actinic fluxes for five selected altitudes (122, 3045, 6094, 9141, and 12,189 m) are shown in the left column of Figure 5 . Solid lines indicate the measurements and dashed lines the simulations. The corresponding model/measurement ratios of the actinic flux are plotted versus wavelength in the right column of Figure 5 (solid line). It should be noted that the model simulations take into account the measured angular response of the spectroradiometer input optics as explained in the previous section.
[31] Before we compare the measured and modeled spectra in detail, we first assess how closely the measurements and simulations approximate the ideal actinic flux. For this purpose, additional model runs have been performed for an ideal isotropic angular response. The ratio of the simulated to the ideal actinic flux is given by the dotted line in the right column of Figure 5 . The deviations turn out to be small and vary only slowly with wavelength. They range from Յ1.4% at the lowest altitude to Յ3.6% at the highest flight level. The increasing deviations with altitude can be understood by the overlap of the angular response characteristics of the instrument ( Figure  2 ) with the angular distribution of the diffuse radiance ( Figure  6 ). The diffuse radiation field is more isotropic close to the surface than at 12 km. At 0.1 km most of the diffuse radiation is evenly distributed over the upper hemisphere. However, at high altitudes (e.g., 6.1 and 12.2 km) the largest contribution to the diffuse radiation field is from the horizon where also the a Here is the aerosol single-scattering albedo, g is the aerosol asymmetry factor, ␣ and ␤ are the Å ngström coefficients, and (355 nm) is the total vertical aerosol optical depth at 355 nm. For some parameters, variations were observed during the flight. The observed range of these parameters is given with the first ␣ corresponding to the first ␤, etc. angular response deviates most from a true 4 response. The relative contribution of direct radiation to the total acinic flux increases with height between 0.1 and 12 km: from 55% to 85% at 300 nm, from 55% to 70% at 330 nm, and from 70% to 77% at 400 nm. Thus a significant portion of the measured signal is direct radiation, which for the solar zenith angles encountered during these flights was minimally affected by the instrumental angular response. This explains the relative small differences between the simulated radiation and the ideal actinic flux. It may thus be concluded that for the conditions during these flights the measured actinic fluxes are at maximum 4% too high due to the nonideal 4 response of the input optics.
[32] The measured and simulated spectra agree very well with respect to their wavelength scales. This is not surprising as the measured spectra were calibrated versus the Fraunhofer line pattern in the ATLAS 3 spectrum which also served as input to the model. The good agreement therefore only demonstrates that the wavelength calibration of the experimental spectra has been performed properly. The absolute accuracy can be estimated from the comparison versus measurements of the mercury emission lines that have yielded agreement within Ϯ0.05 nm (see experimental section and Hofzumahaus et al. [1999] ).
[33] The comparison of the absolute values of the measured and simulated actinic spectra shows generally good agreement at all altitudes. For wavelengths larger than 310 nm the differences between the model simulations and the measurements are within Ϯ5%, except for the lowest altitude where the model is about 12% systematically lower than the measurements. For wavelengths shorter than 310 nm the model/measurement ratio increases somewhat, reaching values of ϳ1.1 at 300 nm for 3-12 km altitude. Increasing the ozone column by about 1%, which is well within the experimental uncertainties of the ozone determination, removes this trend. Except for the lowest altitude, the differences are within the overall spectroradiometer error of Ϯ6%.
[34] The model-measurement discrepancy of 12% at the lowest flight level is not large, but significant with respect to the measurement uncertainty. One possible reason could be uncertainties in the model input data for the aerosols which were located below 3 km. Since the flights were not performed directly above the island of Agios Efstratios which was the site which provided the measurements for the model input parameters, there might be inaccuracies in the aerosol optical depth due to horizontal inhomogeneity. Decreasing the aerosol optical depth (355 nm) by 30% from 0.267 to 0.176 reduced the discrepancy only slightly from 12% to 9 -10%. Balis et al. [2002] used an optical depth of 0.2 and an aerosol single scattering albedo of 0.96 for their simulations of the PAUR/ATOP actinic flux measurements. Repeating the simulations for the lowest layer with these input parameters left the model 7-8% lower than the measurements, similar to the results reported by Balis et al. [this issue, Figure 1 ]. Completely ignoring aerosols, which is unrealistic for the conditions during the campaign, left a 4 -5% systematic difference between the model simulations and the measurements with the model being too low. Thus changing the aerosol optical properties could not bring the model results at the lowest altitude into an agreement with the measurement similar to the agreement found at higher altitudes.
[35] Another explanation for the discrepancy at the lowest level might be a too low value for the surface albedo. The value of 0.03 adopted for the simulations were taken as the value that provided the best agreement between model and surface based irradiance measurements by the Brewer spectroradiometer made simultaneously to the flight [Kylling et al., 1998 ]. Slightly higher UV-albedo values have been reported in the literature. Doda and Green [1980] determined values of 0.05-0.08 from aircraft measurements over the ocean. Blumthaler and Ambach [1988] presented an experimental value of 0.05 for water. Herman and Celarier [1997] derived monthly climatological maps of the Earth's surface reflectivity from radiance measurements of the Nimbus 7/total ozone mapping spectroradiometer (TOMS). They report albedo values of 0.05-0.08 over the oceans. For the month of June a climatological mean value of 0.04 -0.05 was found over the Aegean Sea [Herman and Celarier, 1997] (data available at ftp://jwocky.gsfc.nasa.gov/pub/ surface_reflectivity). In order to test the sensitivity of the model results in this work to higher surface albedos, the value has been doubled from 0.03 to 0.06 leading to an increase of the actinic flux by ϳ5% at the lowest level and 2-3% at the highest level. This will slightly decrease the model-measurement difference. However, a clear distinction in the magnitude of the difference for the different altitudes is still present.
[36] The observed deviations between measurements and simulations in this work are similar to those reported by Mayer et al. [1997] for clear-sky UV irradiances at ground. They used the same radiative transfer model as in this work and compared the simulations with 1200 spectra measured in Garmisch-Partenkirchen, Germany. The systematic differences were between Ϫ11% and 2% for wavelengths between 295 and 400 nm.
[37] At longer wavelengths our results can be compared with studies of the NO 2 photolysis frequency by Kelley et al. [1995] and Volz- Thomas et al. [1996] . Both groups found good agreement within their experimental uncertainties of 6% between observed and modeled J(NO 2 ) values under clear sky up to ϳ7.5 km altitude when they used multistream models for their simulations. Their results are consistent with our comparison at wavelengths around 370 nm, where the spectral distribution of the NO 2 photolysis frequency has its median.
Vertical Profiles
[38] The measured altitude dependence of the 4 sr actinic flux from 2 different days is presented for selected wavelengths in Figure 7 (upper panel). The solid lines connect data from the flight on 10 June when the aerosol load was relatively low. The dotted lines connect similar data for 13 June when the aerosol optical depth was larger by a factor of 2.4 at 355 nm. In both cases the sky was cloud-free, and the solar zenith angle was almost the same. A notable difference in the magnitude is observed between the vertical profiles of the 2 days, with higher actinic flux values at all wavelengths and altitudes when the aerosol load was higher.
[39] Model simulations were performed for 13 June in the same way as for 10 June. The atmospheric parameters used as model input are listed in Table 1 . For 13 June a similar good agreement between the measured and simulated actinic flux was found as for 10 June. As a result, the simulated vertical profiles show a similar picture as the measured profiles ( Figure  7 , middle and lower panel).
[40] The vertical distribution of the actinic flux measured on 10 June, increases with altitude at all wavelengths. The largest relative change is observed across the lowest 3 km, where most of the backscattering aerosol was located [Marenco et al., 1997; Kylling et al., 1998 ]. The variation of the actinic flux with altitude depends strongly on wavelength. For example, the actinic radiation at 298 nm increases by about a factor of 3.3 between 0.1 and 12.2 km; this factor is reduced to 1.8 at 305 nm and to about 1.2 at 420 nm. At short wavelengths the relative strong variation with altitude is primarily due to the attenuation of solar radiation by the overhead ozone column, which decreases with increasing height in the atmosphere. This causes the UV-B edge of the actinic flux spectra to shift toward shorter wavelengths as seen in the right panel of Figure 4 .
[41] The higher aerosol load on 13 June leads to a relative enhancement in the actinic flux above the aerosol layer due to increased backscattering. This is clearly seen in both the measured and simulated profiles. The actinic flux also increases slightly within the aerosol layer. The relative increase is largest for the shortest wavelengths; however, part of this is due to the ozone column being about 10 Dobson units (DU) lower on 13 June compared to 10 June. For wavelengths that are not affected by ozone absorption the higher aerosol amount leads to an increase in the actinic flux by up to 10%. The model simulation shows that this enhancement is due to the higher aerosol optical depth and the larger single-scattering albedo on 13 June (see Table 1 ). The source of the different aerosol has been explained by Jonson et al. [2000] . They report that sulfate aerosols were advected from Bulgaria to the island of Agios Efstratios. Sulfate aerosol has a single-scattering albedo near one which is close to the optical aerosol properties given in Table 1 . On other occasions, Saharan dust has been observed to influence the solar UV over the Aegean Sea [Balis et al., 2002] . Contrary to sulfate aerosol, Saharan dust is highly absorbing and has a single-scattering albedo closer to 0.77. If the increase in aerosol amount on 13 June 1996 had been due to Saharan dust, the actinic flux would have decreased.
Conclusions
[42] A new 4 actinic-flux spectroradiometer has been operated on board an aircraft during the joint PAUR/ATOP measurement campaign in Greece, June 1996. The instrument has provided the first actinic flux spectra in the troposphere at selected altitudes under well defined atmospheric conditions. The measurements extend over the spectral range of 280 -420 nm and over altitudes between 0.1 and 12 km. The absolute calibration of the data is traceable to national standards and has an accuracy of 6%. Model simulations indicate that the deviations of the spectroradiometer inlet optic from the ideal 4 angular response resulted in a systematic measurement error of less than 3.6% for the conditions encountered during the campaign. Above 6 km a reproducible altitude-dependent wavelength shift has been observed in the measurements and was corrected against solar Fraunhofer lines. The wavelength accuracy of the final data is Ϯ0.05 nm.
[43] The actinic flux measurements were obtained under cloudless sky conditions for various solar zenith angles (Ͻ60Њ) and aerosol loads both over sea and land. The measurements were compared to a multistream radiative transfer model based on the DISORT method. All input to the model was fixed and derived from independent measurements and analysis. Moreover, the model simulations took into account the instrumental slit function and the angular response characteristics of the inlet optics. For altitudes between 3000 -12,000 m the agreement between the measurements and the model simulations was within Ϯ5% for wavelengths greater than 310 nm and within Ϯ10% at 295-310 nm. At the lowest altitude the model was about 12% systematically lower than the observations. This discrepancy can only partly be explained by uncertainties in the aerosol amount and the surface albedo. In conclusion, the model-measurement comparison has constituted a rigorous test of the model since all model input was constrained by fixed, independent parameters. For the conditions of the campaign the test has demonstrated that the multistream method is an excellent tool to simulate accurately the ultraviolet actinic flux that is most relevant for photochemistry in the troposphere.
[44] Measurements and model simulations have provided consistently vertical profiles of the spectral actinic UV flux. At all wavelengths an increase with altitude was observed, with the strongest variation across the lowest 3 km and at wavelengths in the UV-B spectral range. Comparison of measurements made on days with small and larger aerosol loads showed an increase in the actinic flux by up to 10% when the aerosol amount increased. These observations demonstrate the role of aerosol scattering and ozone absorption in the troposphere. The present data and the radiative transfer model will be used in future work to study in more detail the influence of scattering and absorption processes on photolysis frequencies in the troposphere.
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